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Water-balance considerations
• Can freeze issue be avoided 

altogether by drying out the stack?

• Probably not.
– Literature suggests that Nafion’s hydrophobic 

“skin” becomes hydrophilic upon exposure to 
liquid water; drying out will require 
considerable rewetting to regain performance. 

– Simple water balances suggest that prohibitive 
external heating would be required to avoid 
formation of liquid water.
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Water balance calculations
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Water management in cold 
temperatures

Even with dry membranes, need to handle 
liquid water/ice under cold conditions
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Must remove 
product water by 
vapor or liquid 
transport; low 
carrying capacity 
in vapor phase 
because of very 
low saturation 
pressures in cold 
temperatures.
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Freeze

Performance decay observed in 
initial tests; causes investigated to 
develop corrective actions.

– Before: Cells on one end performed 
poorly after startup

– Action: 
Investigation of water 
movement and cell performance 
response
Change in stack design and 
startup procedures

– Now: 
Cell performance is uniform 
after startup
No recovery procedure required

Startup cycles on 20-cell stacks;
No external heating of reactants or stack.

2002

2004



Water redistribution can 
affect cell resistance
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Startup
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Must optimize over competing demands of
system operation, stack waste heat generation,
water balance

Identical stacks,
Different startup procedures

Rapid startup, lots of waste heat

Slower startup, stable performance
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Technology gaps

Ionic conductivity in 
frozen state.

-Membrane and catalyst failure, 
state of water in ionomer, 
multiple phase transitions

Survive,
Start w/ assist

-40 °C

-Reaction kinetics, 
catalyst layer 
optimization, 
membrane properties

-Membrane and catalyst failure, 
state of water in ionomer, 
multiple phase transitions

50 starts
3-4 seconds

-30 °C

-Neutron imaging of 
water distribution

-Increasing rate of startup
-Mitigating recoverable decay
-Optimizing electrode

100 starts 
1-2 seconds

-20 °C

Modeling 
temperature-induced 
water movement, fully 
characterizing porous 
media and ionomer

-Water movement during 
freeze/thaw process
-Mitigating recoverable decay

200 starts
1-2 seconds

-10 °C

N/A-Electrode stability
-Catalyst dissolution

90,000 starts> 0 > 0 °°CC
Program elementTechnology gapsRequirementsT (°C)
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Water movement under thermal gradient 
near frozen conditions

Phenomenon known 
in geology literature 
as “frost heave”



Freezing-point depression:

liquid water exists over range
of temperature below bulk
freezing

Fill level of porous media:

Liquid pressure depends on 
water content (saturation)
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Membrane water uptake

• Schroeder’s paradox: Different membrane water uptake at 
the same chemical potential

• Need a model and methodology to handle Schroeder’s 
paradox in fuel-cell simulations

Saturated
Vapor

Liquid 
Water

(pliq <= pgas)



Transport Mechanisms

• Treat as a single-phase 
homogenous system 

• Use chemical potential 
gradient as the driving force 
for water flow

• λ is determined by the 
chemical potential of water
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• Treat as a two-phase 
porous medium 

• Use hydraulic pressure 
gradient as the driving force 
for water flow

• λ is set at the observed 
filled channel value of 22

Vapor-equilibrated mode Liquid-equilibrated mode
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From “A Physical Model of Transport in Polymer-
Electrolyte Membranes,” Adam Weber and John 
Newman, 202nd Meeting of the Electrochemical 
Society, Salt Lake City, Utah. 



Model Implementation

• Modes operate in parallel with one overall net water flux 
– Switched by the fraction of expanded channels

• Depends on liquid pressure needed to infiltrate and expand the channels
• Permits modeling of Schroeder’s paradox

22

20

18

16

14

12

10

λ 
(m

ol
 H

2O
 / 

m
ol

 S
O

3- )  
   

10.90.80.70.60.50.40.30.20.10

Dimensionless position

Vapor-eq. Mode

Liquid-eq. + 
Vapor-eq. 

Modes

Liquid-
eq. 

Mode
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Membranes,” Adam Weber and John Newman, 202nd Meeting of 
the Electrochemical Society, Salt Lake City, Utah. 



Water movement in Nafion

• To obtain quantitative predictions, need 
experimental data for the following:
– effect of liquid pressure on water content of 

ionomer
– permeability of Nafion below 0 °C
– freezing-point depression of fuel-cell components
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State of water in Nafion
Dynamic scanning calorimetry

From “Behavior of Ionic Polymer-Metal Composites Under Subzero 
Temperature Conditions,” J.W. Paquette and K.J. Kim,
Proceedings of IMECE’03, 2003 ASME International Mechanical 
Engineering Congress, Washington, DC, November 2003.



Freeze/Thaw Cyclic Decay

•Cracks have been observed 
along and through 
membranes due to –20°C 
exposure
•More severe cases show 
large H2 crossover currents
•Some catalyst delamination 
observed on end cells

Cracks in MEA

(Due to Manufacturing Process 

Cracks in MEA

Cracks Develop Through Membrane Support 
As a Result of F/T Cycling to 20 C

Leak Path Through Membrane

– °

Leak Path Through Membrane

Catalyst delamination
after frozen startup

Commercial Pt/Pt MEA After 20 F/T Cycles

Pt Anode Catalyst

Membrane

Membrane Support

Pt Cathode Catalyst

Membrane

Membrane
Support

Membrane



Outline of presentation

• Motivation
• Stack performance
• Technology gaps
• Recommendations



Research topics in subfreezing PEM

• State of water vs. T, degree of saturation in PEM fuel cell 
components
– Membrane, catalyst layer, GDL’s

• Morphological changes and localized stresses in fuel cell 
components associated with phase transition

• Water movement under temperature gradients and multiphase 
transport in porous media under very low temperature 
conditions

• Kinetics of phase change
• Tailoring materials and components to enhance freeze tolerance
• Stack design and operation to improve subfreezing operation 

and robustness


